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State-of-the-art atomic clocks are based on the precise detection of the energy difference between
two atomic levels, measured as a quantum phase accumulated in a given time interval [1–4]. Optical-
lattice clocks (OLCs) now operate at or near the standard quantum limit (SQL) that arises from
the quantum noise associated with discrete measurement outcomes. While performance beyond the
SQL has been achieved in microwave clocks and other atomic sensors by engineering quantum corre-
lations (entanglement) between the atoms [5–15], the generation of entanglement on an optical-clock
transition and operation of such a clock beyond the SQL represent major goals in quantum metrol-
ogy that have never been demonstrated [11]. Here we report creation of a many-atom entangled
state on an optical transition, and demonstrate an OLC with an Allan deviation below the SQL.
We report a metrological gain of 4.4+0.6−0.4 dB over the SQL using an ensemble consisting of a few
hundred 171Yb atoms, allowing us to reach a given stability 2.8 ± 0.3 times faster than the same
clock operated at the SQL. Our results should be readily applicable to other systems, thus enabling
further advances in timekeeping precision and accuracy. Entanglement-enhanced OLCs will have
many scientific and technological applications, including precision tests of the fundamental laws of
physics [16–18], geodesy [19–21], or gravitational wave detection [22].
Progress in atomic, optical, and quantum physics over
the last decades has boosted the performances of OLCs to
an astonishing fractional stability at the level of 10−18 [1–
4]. Recently, technical noise in OLCs has been reduced
to near or below the level of the intrinsic quantum noise
[3, 4]. A clock operated with N uncorrelated atoms for
an averaging time T at the SQL can reach a quantum-
noise-limited fractional stability given by
σ(τR, T ) =
1
ω0τR
√
TC
T
√
ξ2W
N
, (1)
where τR is the interaction time of the atoms with the
clock laser (local oscillator, LO), TC the clock cycle time,
ω0 the angular frequency of the clock transition, and the
Wineland parameter is ξ2W=1 [23] for ideal conditions
with perfect quantum coherent state preparation and de-
tection. If the clock is operated at duty cycle less than
1 (TC>τR), so that the LO is not locked to the atomic
evolution during part of the cycle, then the Dick noise
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σ2Dick, arising from aliased high-frequency noise of the
LO, should be added to Eq. 1 [24, 25]. However, the
Dick noise can be suppressed by using two ensembles to
eliminate the dead time [4, 25], or by performing simul-
taneous interrogation of two ensembles [26, 27].
The SQL, as described by Eq. 1 with ξ2W=1, is not
a fundamental limit, but can be overcome by means of
quantum correlations (entanglement) between the par-
ticipating atoms. The simplest entangled state offering
metrological gain is the squeezed spin state (SSS) [28],
where the quantum noise is redistributed between two
orthogonal spin quadratures, one with reduced quantum
noise (squeezed axis), and the other with increased noise
(anti-squeezed axis), see Fig. 1d. In this picture, each
atom is associated with a spin 12 , and the N -atom en-
semble with a collective spin S0 = N/2. By orienting the
squeezed quadrature of the collective spin along the phase
axis during clock operation one can reduce the quantum
noise and increase the clock precision. The metrological
gain over the SQL, expressed in variance, is then given by
ξ−2W , where the Wineland parameter ξ
2
W = ξ
2/C2 [23] in-
corporates both the the variance reduction ξ2 of the spin
noise compared to an unentangled coherent spin state
(CSS), and the mean spin vector length 〈|~S|〉 = CS0.
Over the last decade, SSSs have been demonstrated
in several systems [11], including atomic Bose-Einstein
condensates [7, 8, 10, 29], cold atomic ensembles [5, 6,
9, 12, 15, 30], and trapped ions [14]. In neutral atoms,
up to 20 dB of spin squeezing beyond the SQL has been
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2FIG. 1: Setup and squeezed-clock sequence. a, 171Yb atoms are trapped inside an optical cavity in a two-dimensional
magic-wavelength optical lattice along the x and z directions (red beams). Light for optical pumping and spin squeezing
(green) is applied along the cavity axis z, while the clock laser (yellow) propagates along x. b, Energy levels and transitions.
Purple, green, and yellow pulses indicate the ground-state radiofrequency (RF) transition |↓〉 → |↑〉, squeezing transition∣∣1S0,mI = 12〉 → ∣∣3P1,mF = 32〉 at ωat, and optical-clock transition |↑〉 → |e〉, respectively. The system evolves either in the
ground-state manifold {|↓〉 , |↑〉} (purple Bloch sphere), or in the clock-state manifold {|g〉 , |e〉} (yellow Bloch sphere). The
cavity frequency ωc is tuned in resonance with the squeezing transition, ωc = ωat. c, Spin squeezing. Strong coupling of the
atoms to the cavity results in vacuum Rabi splitting of the cavity resonance (red peaks). A laser is applied detuned from the
Rabi peak at frequency ωsq (green peak) to produce a SSS via cavity feedback [15]. d, Squeezed-clock sequence. A SSS is
prepared in the ground-state manifold {|↓〉 , |↑〉}, transferred to the clock manifold {|g〉 , |e〉}, evolved in a Ramsey sequence for
time τR, and mapped back onto {|↓〉 , |↑〉}, where a state measurement is performed. The evolution of the quantum state is
depicted on the Bloch spheres for the RF (purple) and optical (yellow) transitions.
demonstrated using optical techniques [12, 13]. However,
given that it is more difficult to maintain phase coherence
at high frequencies, all spin squeezing so far has involved
transitions whose frequencies ω0 are five to ten orders of
magnitude smaller than optical frequencies, and that ex-
hibit proportionally reduced time-keeping precision (see
Eq. 1). Building on spin squeezing generation between
Zeeman sublevels of the electronic ground state of 171Yb
that we have recently demonstrated [15], here we report
the generation of a SSS on an optical transition, and
demonstrate, for the first time, an OLC with performance
beyond the SQL.
Our clock operates with an ensemble of N = 350± 40
171Yb atoms that are confined in a two-dimensional
magic-wavelength optical-lattice trap inside a high-
finesse (F≈12000) optical cavity [15] (see Fig. 1a), and
are Raman sideband cooled to mean vibration quan-
tum number 〈nx〉 < 0.2. In order to robustly create a
SSS on the ultra-narrow optical-clock transition, we first
generate spin squeezing between the two nuclear sub-
levels |↑〉 ≡ ∣∣1S0,mI = + 12〉 and |↓〉 ≡ ∣∣1S0,mI = − 12〉
of the electronic ground state 1S0 using the interac-
tion between the atoms and the optical cavity [9, 15].
Subsequently we transfer the population of |↑〉 into the
|e〉 ≡ ∣∣3P0,mI = 12〉 excited clock state with a pi pulse
of the clock laser, thereby mapping the SSS onto the
optical-clock manifold {|g〉≡ |↓〉 , |e〉} (see Fig. 1b).
The spin squeezing between the ground-state sublevels
is achieved by optically pumping the atoms into state |↑〉,
creating a CSS between |↑〉 and |↓〉 with a radiofrequency
(RF) pi/2 pulse, and then applying a laser pulse near the
|↑〉 → ∣∣3P1,mF = 32〉 transition through the cavity [15]
(Fig. 1c). The atom-light interaction, amplified by the
cavity, approximates the one-axis twisting Hamiltonian
[28] with longitudinal magnetic field H1 = β Sz + χS
2
z .
A spin-echo protocol is then used to cancel the linear
term (Sz), such that the system evolves under an effective
one-axis twisting Hamiltonian H=χS2z [15, 28] for a time
τs (see Methods and Fig. 1d). Finally, the reduced spin
projection noise can be oriented along any desired axis in
the {|↑〉 , |↓〉} ground-state manifold by rotating the SSS
around its average spin direction 〈~S〉 with another RF
pulse. At this stage, we observe a spin noise suppression
ξ−2 = 6 dB (limited by the state detection (see Methods),
with an intrinsic spin noise reduction of 9 dB), and a
contrast of C = 0.97. The SSS is nearly uncertainty
limited, with a detected (inferred) area 1.9 (1.6) times
larger than the limit set by the Heisenberg’s uncertainty
principle [15].
Having prepared a SSS in the {|↑〉 , |↓〉} ground-state
3FIG. 2: Squeezed state tomography. a, Rabi spec-
troscopy of the nx → nx vibrational component of the
|↑〉 → |e〉 transition to the clock state. The pulse duration
is 0.22 ms. b, Rabi oscillations on the clock transition. c, To-
mography measurements of the SSS before (purple diamond)
and after (orange circle) mapping onto the clock transition
and back show very similar degrees of squeezing. The theo-
retical expectation for a state with ξ2− = −5.9 dB is shown
as a gray solid line. Two measured data points for a CSS
are also shown (blue squares). The shaded area indicates the
region below the SQL. In this and in following figures, error
bars represent the 68% confidence interval.
manifold, we then map it onto the optical-clock transition
1S0 → 3P0 by phase-coherently transferring the popula-
tion of |↑〉 to the state |e〉 with an optical pi pulse of the
LO. We observe a clean Rabi spectrum on the |g〉 → |e〉
transition (Fig. 2a), and coherent Rabi oscillations in
time (Fig. 2b). The pi-pulse has a transfer efficiency of
0.95, setting a limit on the observable noise reduction of
13 dB below the projection noise limit, being well below
the spin noise of our SSS. Thus we do not expect any sub-
stantial degradation of the spin squeezing to arise from
mapping the SSS onto the |g〉 → |e〉 clock transition.
We first demonstrate that the entanglement survives
the transfer |g〉 → |e〉 → |g〉 by characterizing the spin
squeezing remaining after this process in the {|↑〉 , |↓〉}
manifold via state tomography (Fig. 2c). We observe
that the squeezed noise dips significantly below the stan-
dard quantum limit to a level ξ2 = −5.9+0.6−0.8 dB, and is
essentially the same before and after the mapping onto
the clock levels. In order to determine the entanglement-
induced metrological gain ξ−2W available on the clock tran-
sition, we measure the contrast C for a Ramsey sequence
composed of the preparation of a CSS or SSS within
the {|↑〉 , |↓〉} ground-state manifold, subsequent optical
FIG. 3: Spin noise and Wineland parameter on the
clock transition as a function of time. The measured
normalized Sz spin noise ξ
2 (solid circles) and model (dashed
lines) for the CSS (purple) and the SSS with squeezed axis
aligned along Sz (dark-red) increases slowly with time. The
increase is caused by the finite 800-ms lifetime of the state |e〉
due to scattering of the trapping light. The Wineland param-
eter ξ2W (open squares) depends in addition on the contrast
loss due to shortening of the atomic collective spin 〈|~S|〉 (in-
set, blue data points for CSS, red for SSS, with exponential
fits). The solid lines represent the predicted Wineland pa-
rameter using the fit to the measured contrast. τLO indicates
the coherence time of the LO.
pi-pulses |↑〉 → |e〉 separated by a Ramsey dark time
τR = 0.23 ms, and a final ground state RF pi/2-pulse
followed by a measurement of Sz in the {|↑〉 , |↓〉} spin
space (see Fig. 1d). We measure C = 0.85± 0.01, yield-
ing a Wineland parameter ξ2W=− 4.4+0.4−0.6 dB for the SSS
in the optical manifold {|g〉 , |e〉}, and corresponding to
a potential reduction in averaging time to reach a given
precision by a factor 2.8± 0.3.
Figure 3 shows the measured normalized spin noise ξ2
and Wineland parameter ξ2W as a function of Ramsey
time on the optical-clock transition for both a CSS, and
for a SSS with its squeezed direction oriented along Sz in
the {|g〉 , |e〉} spin space. In this configuration, that does
not improve clock performance, but can be used to char-
acterize the entanglement [32], the LO phase noise does
not affect the squeezed quadrature Sz, and we observe
that the Sz spin noise remains reduced for times as long
as 1 s. While the observed Ramsey contrast decays due
to LO phase noise with a time constant of τLO = 6 ms,
the intrinsic coherence of the atomic state (mean atomic
spin vector length 〈|~S|〉) can be determined even when
the LO phase noise is dominant (see Methods), and the
corresponding result is displayed for both the CSS and
the SSS in the inset to Fig. 3. The ensemble spin coher-
ence, in the optical-clock manifold, decays exponentially
with a time constant τens = 0.8± 0.2 s both for the CSS
and the SSS. As Fig. 3 shows, after an interaction time
of ≈ 0.2 s the SSS is no longer sufficiently entangled to
4FIG. 4: Stability improvement with the squeezed clock. a, Self-comparison Allan deviation [27, 31] for a CSS with
Ramsey time τR1 = 0.17 ms (sequence C1, blue), a SSS state with τR1 = 0.17 ms (R1, red), and a SSS with τR2 = 1.16 ms
(R2, green). Inset: Ramsey fringes vs. LO phase φopt of the second Ramsey pi−pulse for R2. b, Data for C1 and R1 after
subtraction of the phase noise of the LO, calculated from the data for R2. The dashed lines indicate the expected performance
estimated from the separately measured Wineland parameter ξ2W , see Fig. 3. The shaded area represents the region below
the SQL. The other parameters for these measurement are: atom number N=300±30, cycle time TC=4 s, Ramsey contrast
CC1 = 0.91(1) for CSS, CR1 = 0.85(1) and CR2 = 0.70(1) for SSS.
overcome the SQL, but it can still offer metrological gain
over the CSS for up to 0.5 s.
In a fully operating atomic clock, the atomic phase is
used to stabilize the LO phase through feedback. Hence
clock performance can be improved by the use of SSSs
with the squeezed axis oriented along the phase direc-
tion, which allow measuring the phase difference between
atoms and LO with higher precision than a CSS, and ap-
ply corresponding feedback [33]. The optimum Ramsey
time that achieves maximum gain over the CSS is deter-
mined by the combination of LO coherence time τLO and
Wineland parameter [34].
In Fig. 4a we demonstrate directly that an OLC using
an entangled state can perform below the SQL. We im-
plement the full clock sequence depicted in Fig. 1d with
Ramsey times of τR1 = 0.17 ms (Ramsey sequence R1 )
and τR2 = 1.16 ms (Ramsey sequence R2 ). τR2 is cho-
sen so that the measured phase noise between atoms and
light is dominated by the LO noise (see Methods). Since
the cycle time TC = 4 s  τR1, τR2, it is reasonable to
assume the LO noise is the same in both sequences R1,
R2 (see Methods). We can then remove the LO noise,
as measured in R2, from the Allan deviation of the R1
data, and thus obtain the intrinsic stability of the clock
operated with the SSS in R1 (red circles in Fig. 4b).
We further show for comparison a clock operated with
a CSS under the same conditions, and with LO noise
also removed (blue circles). The Allan deviation of the
squeezed clock is visibly lower.
From the Wineland parameter obtained in Fig. 3
ξ2W=−4.4+0.4−0.6 dB, we expect a squeezed-clock Allan devi-
ation of σsq = (1.25± 0.10)×10−13 s1/2/
√
T (red dashed
line in Fig: 4b), in excellent agreement with the data
at σ=(1.30± 0.04)× 10−13 s1/2/√T . The corresponding
SQL for a perfect clock operating with a CSS (with the
same cycle time, Ramsey time, atom number, and per-
fect state detection), as given by Eq. 1, is σSQL=2.1 ×
10−13 s1/2/
√
T . Compared to the CSS, the improvement
is larger, 5.7 dB, corresponding to a factor 3.7 reduc-
tion in averaging time. This is the case because the CSS
is also subject to imperfect state detection and contrast
loss.
In conclusion, we have generated for the first time
spin squeezing for many atoms between atomic levels
whose energy differs on the scale of optical photons. We
have used this entanglement to directly demonstrate a
squeezed OLC performing 4.4+0.6−0.4 dB beyond the SQL,
corresponding to a 2.8±0.3 shorter averaging time. In
the future, this system can be improved in several ways:
Using a LO with much longer coherence time, we would
be limited by the atomic decoherence due to scattering of
the trap light (Fig. 3). This effect can be mitigated by re-
ducing the trap-light intensity. Furthermore, the amount
of metrological gain demonstrated in our system is pri-
marily limited by the state detection noise that accounts
for almost half of the total detected spin variance [15].
With improved state detection and for an increased atom
number of N=1000 we can reach a Wineland parameter
ξ2W= − 13 dB [15], which already exceeds the optimum
ξ2W≈−12 dB beyond which the effective metrological gain
degrades with increased squeezing [34]. Then, assuming
an interaction time τR=300 ms and a 50% duty cycle, we
would reach a quantum-noise-limited fractional stability
of σsq=1 × 10−17 s1/2/
√
T . Such stability would allow
5one, e.g., to measure a gravitational redshift for a height
difference of 1 cm in less than 2 minutes.
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Methods
Loading of atoms into two-dimensional
magical-wavelength optical lattice
The experimental sequence starts with loading 171Yb
atoms into a two-color mirror magneto-optical trap
(MOT) on the singlet 1S0→1P1 and triplet 1S0→3P1
transitions, followed by a second-stage green MOT on
the triplet transition. By changing the magnetic field,
the atomic cloud is then transported into the intersection
region of the cavity TEM00 mode and a one-dimensional
optical lattice along the x-direction (see Fig. 1). The trap
is formed by ’magic-wavelength’ light with λt ≈ 759 nm,
and the trap depth is Ux=kB×10 µK. The green MOT
light is then turned off, and the magic-wavelength trap
inside the cavity, detuned from the x lattice by 160 MHz
to avoid interference, is ramped up in 40 ms to a trap
depth Uc=kB×120 µK. At the end of loading process,
the transverse lattice power is ramped down to zero and
back to full power in 50 ms to remove all the atoms that
are outside the overlap region of the two lattices. In this
way, an ensemble of typically N = 350 atoms is prepared
at a distance of 370 µm from the end mirror of the cav-
ity. At this location, the single-atom peak cooperativity
is η0 = 3.1 [35].
Raman sideband cooling
After loading the atoms into the two-dimensional opti-
cal lattice, the atomic temperature is typically 10 µK, as
measured by sideband spectroscopy on the clock transi-
tion 1S0→3P0 [36]. Subsequently Raman sideband cool-
ing is performed on the transition 1S0→3P1 in an ap-
plied magnetic field Bz = 13.6 G along the z-direction.
In 100 ms, the atomic temperature is lowered to 1.8 µK,
corresponding to an average motional occupation num-
ber 〈nx〉=0.2 at a trap vibration frequency of ωx/(2pi) =
67 kHz along the x-direction. The cavity trap is then adi-
abatically ramped down to Uc=kB×40 µK to further re-
duce temperature and lower the trap light scattering rate
on 3P0 state. We observe that during the Raman side-
band cooling, where the optical pumping is provided by
intracavity light, the atoms reorganize along the lattice
7such that all atoms have nearly the maximum coupling
η0 to the cavity mode and the squeezing light.
State Measurement
The final measurement of Sz is performed in the
ground-state manifold. It is obtained from the differ-
ence Sz=(N↑−N↓)/2 of the populations N↑ and N↓ of
the states |↑〉= ∣∣1S0;mF=+ 12〉 and |↓〉= ∣∣1S0;mF=− 12〉,
respectively. We first measure N↑ through the vac-
uum Rabi splitting of the cavity mode 2g≈√N↑ηκΓ
when the empty cavity is resonant with the tran-
sition |↑〉→ ∣∣3P1;F=3/2,mF=+3/2〉 [15, 37]. Here
η=3.12(5) is the effective single-atom cooperativ-
ity, κ=2pi×520(10) kHz is the cavity linewidth and
Γ=2pi×184(1) kHz the linewidth of the atomic tran-
sition. The Rabi splitting is measured by scanning
the laser frequency and detecting the cavity transmis-
sion as a function of the frequency. After that mea-
surement we apply an RF pi-pulse to switch the pop-
ulations of |↑〉 and |↓〉. The resulting Rabi splitting
of the cavity mode is now proportional to N↓. We
then perform a second measurement starting with N↓
to account for atom loss during detection [15], and av-
erage the two results according to the formula Sz =(
S
(1)
z + S
(2)
z
)
/2 =
(
N
(1)
↑ −N (1)↓ −N (2)↓ +N (2)↑
)
/4.
The measurement resolution, expressed in variance nor-
malized to the SQL, is given by σ2d≡2var
(
S
(2)
z −S(1)z
)
/N ,
where S
(i)
z ≡
(
N
(i)
↑ −N (i)↓
)
/2. Our measurement resolu-
tion is σ2d=0.125 [15]. Since all atoms have the same
coupling to the cavity, the atom number N inferred from
the Rabi splitting equals the real number of atoms in the
cavity.
Contrast measurement
Our goal here is to discriminate loss of coherence be-
tween atoms (a change of length of the total spin vec-
tor 〈|~S|〉), from dephasing between the atomic spin vec-
tor ~S and the LO. The latter dephasing is dominated
by LO phase noise and is the signal we would like to
measure (and feed back) when operating the system as
a full atomic clock. On the other hand, processes that
induce loss of coherence between atoms are, among oth-
ers, magnetic-field gradients, atom-atom collisions, light
scattering by the atoms etc.
The length of the atomic spin vector 〈|~S|〉 can be deter-
mined even in the limit where the LO phase noise is much
larger than 2pi. If we perform many measurements with
homogeneously randomly distributed Ramsey phases φR
the variance of the variable Sz=〈|~S|〉 cos(φR) is
(∆Sz)
2
=
〈|~S|〉2
2pi
∫ 2pi
0
cos2(φR)dφR =
〈|~S|〉2
2
We can thus infer the mean spin vector length 〈|~S|〉 by
measuring the variance of the outcomes of a Ramsey se-
quence.
Local Oscillator laser
The local oscillator (LO) laser deployed here is a dis-
tributed feedback (DFB) laser diode operating at a wave-
length of 1157 nm. It uses a fiber-coupled EOM inside the
optical feedback path [38], allowing to control the laser
frequency with high gain and a large bandwidth. The
primary laser is pre-stabilized to a highly-stable, high-
finesse optical cavity using a standard Pound-Drever-Hall
frequency stabilization scheme. The light is used to in-
ject a gain chip to increase the power, and the output
of the secondary laser is frequency doubled to reach the
optical clock transition wavelength of 578 nm.
LO noise
The local oscillator noise is characterized by interrogat-
ing directly the atoms. We perform a standard Ramsey
sequence every 4 seconds. We measure the accumulated
phase noise variance (∆φ)2 for different Ramsey times
τR.
We first find that the noise is uncorrelated between dif-
ferent sequences. This is based on a Ljung-Box test per-
formed after removal of long-time drifts (> 30 s). More-
over, we observe that the phase variance scales quadrat-
ically with τR. For TC  τR we model the atom-LO
phase variance as
(∆φ)2 = (∆ω)2τ2R +
ξ2W
N
, (2)
where (∆ω)2 is the sequence-to-sequence angular fre-
quency variance of the LO, and ξ2W /N is the total projec-
tion noise induced by N atoms. With a CSS input, our
system has a Wineland parameter ξ2W = 1.35 (see Fig. 3
in the main text). By fitting the data to the model we
obtain ∆ω = 2pi × (78 ± 3) Hz. With the cycle time
TC = 4 s of our system, we infer a LO short-term frac-
tional stability of σLO = 3× 10−13 s−1/2/
√
T .
For a Ramsey time τR = 1.16 ms, a CSS Wineland
parameter ξ2W = 1.35, and N = 300, the projection
noise contribution to the fractional stability is σPN =
3 × 10−14 s−1/2/√T , and thus negligible compared to
LO noise contribution. Moreover, for a Ramsey time
τR = 0.17 µs and same atom number, we have σPN≈σLO.
We define the LO coherence time τLO as the Ramsey
time for which the LO noise standard deviation reaches
∆φ(τLO) = pi/2. This results in τLO ≡ (pi/2)/∆ω = 6 ms
for our current system.
